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T h i s  p a p e r  d e s c r i b e s  a s imple  m o d i f i c a t i o n  t o  t h e  Lurmr  

Module (LM) povered descen t  gui-daiice e q u a t i o n s  whi.ch s i g n i f i c z m t l y  

improves a s t r o n a u t  visibility whi1.e f l y i n g  over' r o u ~ h  o r  sloping a- 

lunar t e r r a i n .  T h i s  s c h e r z  reduces  t h e  s e n s i t i v i t y  of  the 

look anEle  t o  radar a l t i t u d e  upda te s  d u r h g  t h e  v i s l b i l i t j i  

phase  by sh i f t ! '_ng  t h e  downra-.ge pos i tLon of the landiriG site 

i n  p r o p o r t i o n  to t h e  e l t i t u c i e  updai.es. The l zmdinz  site zcl- 

justmefits are  in a direc-ii.cn such t h a t  t h e  apparel i t  r;.,otion of 

t h e  landi i lg  s i t e  due t o  s l o p i n g  t e r r a i n  js reduced,  bl.it riot 

eli~rnina' ied . 
The f i r s t  poi.'ii.oi-1 of t h e  pape r  'd-i.scu.s:;es t h e  v l s i -  . 

b i l i . t y  pro'ul-em and describes t h e  t h e o r y  02 t h e  modif . icat i .on.  

wii i  l e  0'2 ~ o t ~ . t l  O!I;LI ass? ~ ~ r i ~ ~ A t  ir, nepal-trq?r,t 1csC'I . 
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Duri-ng t h e  v i s i b i l i t y  phase ,  t h e  I,M f l i e s  a t r a -  

j e c t o r y  as d i r e c t e d  5y t h e  @adra t t ic  Guidance e q u a t i o n  g iven  

r(t) = a + b ( T - t )  + c ( T - t )  2 

where T is t h e  termine:l t h e ,  and a,  b ,  and c a r e  cornputed t o  

s a t i s f y  t e r m i n a l  p o s i t i o n ,  v e l o c i t y ,  and a c c e l e r z t i o n  con- 

s t r a i n t s .  The termi-nal  time T i s  sei-ected to s a t i - s f y  t h e  

t e r m i n a l  h o r i z o n t a l  jerk component. 

I n  add i - t i on  t o  guj-dance co!iw.snds, t h e  coni2uter a l s o  

c u r r e n t  landing s i t e .  The Sys-Lems Engineer  rea.ds t h e  d i  s -  

pl-ayed a n g l e  and r e p e a t s  i t  to t h e  Cornmaider who i d e n t i f b e s  

the I.a,nd:Ing p o i n t  by s i g h t i n g  al.ong t h e  correspond 5ng a n s l e  

etched on t h e  LR window. For l.a.nd-ing s i t e  v i s i b i l i t y ,  t h e  

look ang1.e ( A )  .~;!usf; be greater thm 25 d e g r e e s .  Hoidvever, i t  

i s  des  Tr2,bI-e t h a t  t h e  look a,ritl;l.e rer1isi.n above 34, d e g e e s  . 
Although t h e  guj.da:nce 1a.w d i . r e c t s  f1S.gh-L af-orlg a nor!i_nzl tra- 

j e c t o r y  which al.1oi:is the z s t r o n a v t s  v i s u z l  conta.ct  w5 t% t h e  
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a n g l e .  Thus c h m g e s  i n  t h e  e s t i m t e d  s t a t e  f rom nominal w i l l  

be  r e f l e c t e d  ir! t h z  look a r Q e  p r o f ’ i l e .  One s i g n i f i c a n t  

s o u r c e  o f  f l u c t u a t i o n s  i n  t h e  e s t i m t e d  s t a t e  i s  t h e  l a n d i n g  

radar which i s  measuring a l t i - t u d e  above t h e  l o c a l  t e r r a i n .  

, The e r f e c t s  of t e r r a i n  v a r i a t i o n s  on v i s i b i l l t y  is  

now exp la ined  with r e f e r e n c e  to F i g u r e  1. For s i m p l i c i t y ,  a 

u n i t y  we igh t ing  f u n c t i o n  i s  a s s m e d  for t h e  r a d a r  a l t i t u d e  

measurenents .  I n  a d d i t i o n ,  t h e  problem i s  d i s c u s s e d  as 

/ though t h e  upda te s  a r e  a p p l i e d  to t h e  a l t i t u d e  of t h e  l a n d -  

ing s i t e  r a t h e r  t h m  t h e  est i -mated 1 , M  a l t i - t u d e .  This s i m p l i -  

f i c a t i o n  mzkes the pi-oblen e e s i e r  t o  v i s u a l i z e  bu t  does  n o t  

a f f e c t  t h e  resul.’is s i n c e  the  .two p o i n t  bovridary problerrl 

s o l v e d  by t h e  gu.ida.nce equa t ions  depends to a f j . rs t  o r d e r  

o n l y  upon t h e  rela. t ; ive pos1’.ti_onS of t h e  v e h i c l e  and the  l a n d -  

ing s i t e .  

F i g u r e  1 i l1 .u - s t r a t e s  the apperent;  ho r i . zon ta l .  rnoticn 

of‘ t h e  l a n d i n g  s i t e  whcx a r1egatj.w s t e p  i n  t e r r a i n  i s  en- 

cowitex-ed by t h e  LbI. E e f o r e  t h e  step i s  r eached ,  t h e  gu.i.dance 

. and f i av iga t ion  equat io i i s  v:ou.ld c o n s i d e r  t h e  l a n d h g  site t o  

be a t  p o i n t  I-,. b u t  t h e  Con:,., 

l u n a r  su.i.f’ace. Once t h e  s t e p  i s  e n c o m i e r c d  t h e  eqv.2,t.i.cns 

woul.cl update  t o  point 2 ,  and t h e  Coixriz~lder r:ould vie:: c?li 

apparant  h o r i z o n t a l .  shi.f‘i $1; t h e  12ndl:ng s j t e  i’rm p05.;~t, 3 t o  

p o i n t  2 .  S i n c e  the dey i .~ess ion  angle ( a )  i s  a b o u t  15; c ! e g e e s ,  
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t h e  l a n d i n g  s i t e  appee r s  to s h i f t  by &II e;?.our_t ec_ual to ap-  

p rox ima te ly  fo0.r t ,ines the altitude update  . 
I n  a d d i t i o g  t o  t h e  a p p a r e n t  motion of t he  landlng 

s i t e ,  t h e  look angle i s  reduced when t h e  n e g a t i v e  s t e p  i s  

encoun te red .  An i n i t i a l  dec rease  i n  r e s u l t s  from the i n -  

s t a n t a n e o u s  change of the l a r id ing  s i t e  p o s i t i o n  from p o i n t  1 

t o  p o i n t  2 .  T h i s  change i n  the tv:o p o i n t  boundary v a l u e  

problem r e s u - l t s  i n  a dec rease  i n  t h e  r e q u i r e d  v e r t i c a l  a c c e l -  

e r a t i - o n  . Since  the r e q u i r e d  h o r i z o n t a l  a c c e l e r a t i o n  remztj.ns 

unchanged, a p i t c h  t r ans i en t  OCCU.T'S to rake  t h e  thyust vec to r  

more h o r i z o n t a l ,  t h u s  d e c r e a s i n s  f u r t h e r .  The e f f e c t  of a 

p o s i t i v e  step would be simri 1.21- wIth a. r e s u l . t i n g  i.nc:rease i n  

the look axg1-e. A s l o p e  1;~oulcl p_roiiu.ce a contiin'mJ chr,.ng;;c b u t  

t h e  ovei-a1.l e f f e c t  wouLLd be e q u i v d e n t  t o  a ser-ies o f  s t e p s .  
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s h i f t  i n  t h e  do:mrange p o s i t i o n  of t h e  l a n d i n g  s i t e  i n  te rms  

of a n  ans le  T) f o r  z e r o  look angle  s e n s i t i v i t y  ( e q .  3 3 A ) .  

t a n g e n t  of ll i s  e q u - $ 1  t o  the r a t i o  of t h e  a l t i t u d e  u p d s t e  t o  

t h e  h o r i z o n t a l  dtspl-acernent of  t h e  la i id ing  site. 

The 

For use  i n  t h i s  s t u d y ,  t h e  f o l l o w i n g  cor?di t ions  f o r  

a nominal t r a j e c t o r y  froin High Gate to Hover were u s e d :  

I n i t i a l  Condi - t ions  a t  High ___I Gate 

-133 f t / s e c .  

H o r i z o n t a l  V e l o c i t y  = 470 f t / s c c .  

A l t  i. t ud e = 6,100 f t .  

Range t o  L a n d i n s  S'lte = 24,225 ft. 

- Vertical. V e l o c i t y  - 

D e s i - r e d  Condi tS oiis at Hovee 

Verti.ca1 Vel-oci t y  = -5.1 f t / s e c .  

H o r i z o n t a l  Vel.ocity = 0 f t / s e c .  

Alt i tud-e  = 100 f t .  

3 H o r i z o n t a l  J e r k  = 0.0975 f t / s e c  
2 T o t a l  Acceleration = 0 f t / s e c  

T h i s  t r a j e c t o r y  i s  i l l u s t r a t e d  by a r m g e  v e r s u s  

a l t i t u d e  p r o f i l e  i n  F igu re  2 .  The a t t i t u d e  of t h e  Ly ~ 1 ~ ; ~ ~  

t h i s  trajectoyy i s  shown a t  4, second i n t e r v p u l s .  
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The expression for z e r o  look a n g l e  s e n s i t i v i t y  

(eq .  33A) was a p p l i e d  t o  this p a r t i c u l a r  t r a j e c t o y y  and t h e  

v a l u e s  of t h e  u p d a t i n g  ang le  (n) whi-ch s a t i s y y  t h e  e q u a t i o n  

are d e p i c t e d  in Fi-gure 3. Th i s  f i g u r e  shows that t h e  a n g l e  v 
v a r i e d , b e t w e e n  311- and 30 degrees  f o r  t h e  r eg ion  j u s t  beyond 

High Gate t o  an  upi-ange di .s tance of approx ima te ly  2,000 Teet;. 

The mean v a l u e  lor 'Q w i t h i n  t h e s e  boundar ies  was c a l c u l a t e d  

t o  be 31.511- d e g r e e s .  

all v a l u e s  or" T) was less thari  2 d e g r e e s .  I n  f a c t ,  for a 

The d e v i a t i o n  from t h c  mean f o r  n e a r l y  

dcvl ia t ion was 1 . 3  d e g r e e s ,  Hence, for this traJectory , the 
v a l u e  of 3l..5Lt degrees  WELS s e l e c t e d  t o  cleyine the i-t?la,t:i.on- 

ship between t h e  a l - t i t u d e  upc l i ie  and l a n d i n g  si.te d-i.splz,ze- 

ment . 
Note t h a t  the i .deal s i -bua t ion  would  be t o  upd;J..te 

a l o n g  t h e  3.i ne-of- s i g h t  since t h e  Corri:r?andei- wou3.6 detect no 

change j.n the l a n d r i n g  site d u e  to r a d a r  altitude u p d a t e s .  F o r  
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An e x p r e s s i o n  f o r  t h e  p e r c e c t  change i n  t h r u s t  f o r  ap 

i n s t a n t a n e o u s  change i n  a l t i t u d e  ih;as der ived  and i s  incl-uded i n  

AppendLx B .  F i s u r e  5 i l l u s t r a t e ;  t h a t  t he  d e s c e n t  s c h e i x  u s i n s  

a 31.511' u p d a t i n g  a r g l e  has 2 s l i g h t l y  g r e a t e r  t h r i l s t  s e n s i t i v i t y .  

(The t h r u s t  v s .  range p r o f i l e  f o r  t h i s  t r a j e c t o r y  i s  incli lded i n  

F i g u r e  6 . )  Horever ,  t he  f i g u r e s  w h i c h  f o l l o x  wtll  shor: t h a t  t h e  

t r a d e o f f  f o r  t h i s  s1ight l .y  g r e a t e r  t h r u s t  s e n s i t i v i t y  i s  a s i g n i f -  
. 

i c a n t  improvement i n  l o g k  a n g l e  d u r i n z  t h e  v i s i b i l i t y  phase .  T h e  

new u p d a t i n z  scheme produces d e v i a t j o n s  i n  t h e  f u e l  r e s e r v e  at 

h o v e r .  These fuel- d e v i a t i o n s  a r e  due to t h e  doxnrense s h i f t  i n  

t h e  l a n d i n g  site a s s o c i a t e d  w i t h  t h i s  net: techni .quc,  and a r e  

e q u i v a l e n t  t o  the dev ia t lo r l s  o b t a i n e d  for astron--u.t  rcde:. i g n z t i o n  

of t h e  lcinding s i t e .  
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If the Ll4 f l l e s  ove r  a t e r r a i n  f e z t u r e  resen5lilzg 

a s t e p ,  F i g u r e s  7, 8 m-d 3 de-o.n-strate t h e  c h a r g e  ir, look 

a n g l e  p r o f i l e s  t h a t  occur .  For s t c s s  of 1090 feet, 500 f e e t ,  

and 100 f e e t ,  the new upda t ing  scheme produces  look &n.zle 

p r o r i l e s  that l i e  s i w i f i c a n t l y  closer t o  t h e  norclnel- t h a n  

t h e  v e r t i c a l  u p d z t i n g  scherr,?, Also shoi*rfl a r e  the t r z n s i e n t s  

t h a t  occur  as t h e  z b r u p t  c h a n g e  i n  t e r r z t n  o c c u r s .  A s  the 

radar G e t e c t s  a, change i n  altitude , t h e  l i n e - o f - s i g h t  chags;es 

i n s t a n t a n e o u s l y .  T h i s  i s  tkie i r i i t j .21 t r a n s j - e n t  i n  th? pro-  

files. Sensrihg the changes  i n  t h e  two pori.nt bou.ndary v a l u e  

p i t c h  2ngle  which accoun’is for the t r2 ,gsien’i  diJ.ricg the fol- 

1.ovrLng gu.i.dance c y c l e .  Vert i .cal .  upda,’iirig r e i n f o y c e s  the 

t r a m i . e i ? t  m d  i n c r e a s e s  i t  t o  z larger c?,evi,?,ti 011 f r o x  t h e  

n o n i n a l  . Thls produces  a suhs t e , i ; t . i . a l  change i n  t h e  l.ocjl: a.nT1 a- .c’ L. 

p r o f i l e  i~i1e~1i .s te1.y , wherees, t h e  = 31.511 O u p d ~ t i . r i S  schei:;~ 

does not allovr a l a r g e  cievi~atFon t o  be s u s t F - j n e d .  ELYl o5vi.ou.s 

advan taze  of t h i s  u p d a t i n g  scheme i.s that it  tends t o  ci2ii:p 

out t r a n s i e i i t s  due to abrup t  t e r r a i n  c h a n g e s  agd  r e t u r n  t o  thn 

pi.oxi.mi.ty of t h e  nomi_ncs..!_. Althcwh t k i e  look zcg1.e p r o r i  1.e 

drifts a1;:ay from the nominal  tovrard t h e  later p a r t  of the 
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F i g u r e s  10 m d  11 p r o v i d e  look a n g l e  p r o f i l e s  of 

terraiii s l o p e s  of 2 an3  3 d e g r z s  nagnj- tudes,  r e s p e c t i v e l y .  

Whereas t h e  s t e y  f m c t i o n  i n t r o d v c e d  a s i n g l e  p e r t u r b a t i o n  

which c a J s e d  the l o o k  arigle p r o f i l e  t o  change, t h e  s l o p e  con- 

t i n u a l  l y  i n t r o d u c e s  pc r tuyba t io r l s  r t~ i ih  each  radar a l t i t u d e  

measureraent. I n  b o t h  czses,  t h e  schexe u s i n g  ll = 31.5'1" 

p r o v i d e s  look m g l e  p r o f i l e s  w h i c h  a r e  si  g n i f i c a , n t l y  c! oser 

t o  t h e  nominal .  I n  the. w o r s t  i n s t a n c e ,  a neg:at;ive s l o p e ,  

t h e  v e r t i c a l  upd.a,ting c8uses t h e  LP,i to l.ose v i s i b 5 . l i t y  sooner  

and more r a -p id ly  than ll = 31.5b". Hence, t h e  t5me that the 

astrcnau-ts have for z?.ppr&j.sing the l a n d i n g  site i s  improved 

using th.e modi f ied  scheme. 

COW C1J.J S i: 0 N S -_ I_ 

The r e s u l t s  democstrate t h a t  l o o k  ancl. e prof'i-l_es 

can be j-riiproved by s h i f t i n g  the l m d h g  s i t e  i n  propor'ii.on 

t h e  appa ren t  motion of t h e  laricllr~g si ' ie du.e to t h e  up,d2!.tes, 

b u t  does nct el i ini-nate  i t  e n t j  r e l y .  The m o d i f i c a t i o q  i~s 

extrenicl y simple t o  i r ;q lexcnt ,  zc ldhg  a lmost  no coriiplexity 

t o  the g u l d a c e  scherr1.e. 

A t t S .  
See n e x t  psgc 

R. I?. S3CH 
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APPENDIX A 

Objec t :  TO d e r i v e  an e x 9 r e s s i o n  Such that the change i n  

look a n g l e  w i t h  r e s p c t  t o  an i n s t e n t a n e o x s  change 

In p o s i t f o n  i s  zero. 

D e f i n i t i o n  of LO& Angle: t h e  angle  between t h ?  thrust 

v e c t o r  snd t h e  l i n e - o f - s i g h t  v e c t o r  as shown i n  

F i g u ~ e  1 2 .  

( s e e  ~ i . g u r e  12) 

? , = $ - a  

6h = 6 8  - 6a 

b u t  

e = t a n  -1 (.,/-a,) 

a =: tar7(x,’-.) 

tht?ref  o re  
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Appendix A - 2 

x6z  - z5x 6 a  = __-___-. 
2 2 x 1- 2 

From the q u a d r a t i c  g u i d a n c e  ( r e f .  1) 

t h e n  

( 8 A j  

( 1. OA ) 

from (7A) amd (SA) 
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\le can now :.mite: 

(12.4) 
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a -1- aZ X 

a T  -&: , . we can make use of t h e  horizontal j e rk  equa- To f i n d  

tion ( r e f .  1). 
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t h e r e  f ope 

62 (21A.) 

Thjs ~ e l a t i c n  can now be s u - b s t l t u i e d  i n i o  (184,) . We no1w m&lce 

a change  of’ coordinates: 

let = t a n  -1 (+gi) (22A) 

(23”) 

t h e n  
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bx = 6r s i n  

62 = - 6 r  cos  q 

and from f i g u r e  12: 

x = R s i n  a 

1 

a = (a: i a:)2 

= a cos  8 
a Z  

= a s i n  8 ax 

Substituting these r e l a t i o n s  i n t o  (18~) and (20A) 1,ve ge t  

f 



I 
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let 

1 A = - -  R 

C 

then 

for a radar  al.t;itude u-pdz'ie of Ex , we have 

(284.) 
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The sensitivity of h to a l t i t u d e  ,upciates i s :  

\$e want - 6h = 0 for z e r o  look a r g l e  s e n s i t i v i t y ,  6 X  

I t h e r e f o r e  : 

or 

s i n  ‘Q A c o s  a +- B cos 0 3  - c o s  ~ [ = q  s i n  a -t R s i n  8 - c] = 0 [ 

1 ------- I-- 
(33A) 



Object  : 

t h e r e  i s  

APPENDIX E3 . 

De r iva t i on of ‘i‘h TU s t Se s i t iv i t y E X ~ E  s s i on 

T o  o b t a i n  an  expres s ion  f o r  t h e  p e r  c e n t  change i n  

t h r u s t  f o r  2n instantaneo?.:s change i n  p o s l t i o n ;  t h a t  

is (g) (du r ing  q u a d r a t i c  gvidance p h a s e ) .  

6F = m6a t- a6x (a) 

However, f o r  an  i n s t a n t a n e o u s  change i n  pcls i t i  on, 

an  i n s t a n t a n e m s  change i n  i ’ n r ~ ~ s t  d u e  on ly  t o  a n  

i n s t a n t a n e o u s  change i n  a c c e l e r a t , i o n ,  t h a t  3.s 6F = m6a . 
The re f  ore  : 

6F 6a 
F -- a 
- -- L_ 

1 

a = (2: -+ a:)2 

( 3 B )  

(QB) 



1 6a = __ a 63. +a a 2 ( x x z 6 a Z )  

The d i f f e r z n t i a l s  6 a x ,  6a can be eva lua ted  from t h e  qu.ad- 

r a t i c  guidance e q u a t i - o n s  given in Appendix A ( e y s .  (7A), (8A)) 

t o  y i e l d  

z 

6a . -12 
- 2 2  a ?'- 

a ( ax6x-+az bZ ) -- -- ___- 

g o  

I 

(83) 
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t h e n  

from f igure 12 and e q u a t i o n s  (22A), (23A) 

ax = a s i n  8 

a, = -a c o s  €I 

6x =- Er s i n  Ti 

6 z  =I -6r cos  17 

1- E(-€)!. cos  7l) ( I I H )  
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6a - = (aD sir, 0 ) 6 r  s i n  17 -t ( a ~  c o s  e - E ) 6 r  cos  17 a 

theref’ore 

= a D  s i n  s i n  + (aD cos  0 - E )  cos  6r 

but  
! 

Thus 

= p e r  c e n t  change in th i -gs t  for an 

(12B) 

i n s t a n t a n e o u s  change in posi . t ion . 

, 



I A h  

. .  

Fi.gure 1. 

- 
A P P A R E N T  S H i F T  -- 
OF  L A N D I N G  S I T E  - 

Apparent s'ni.ft i n  l and lng  s i t e . a ? i d  reductr ion of look a n g l e  
due to a n e g a t i v e  step (Ah) in the l u n a r  t e r r a i n .  

P o i n t  1: pos i . t i on  of L .S .  b e f o r e  s t e p  i s  reached  (computed 
by navigation equations) 

P o i n t  2: new p o s i t i o n  of L.S.  a f t e r  n a v i g a t i o n  e q u a t i o n s  a r e  
upda ted  upon reaching n e g a t i v e  s t e p  i n  t e r m i n .  

P o i n t  3: p o s i t i o n  on Lunar s u r f a c e  t h a t  conrnmder views 2s 
t h e  l a n d i n g  s i t e  befor2  step i s  r eached .  

: d e p r e s s i o n  angle before and a f t e r  s t e p  i s  reached .  

: th ru . s t  acce l . e r e t lon  v e c t o r  befor?  and after s t e p  i s  

: l o o k  angle before and a f t e r  step i s  rezched .  

a o J a l  

a. J al 

h o J h l  

-- - 
r eached .  

A h  : magnjtude of s t e p  i n  1u.nar terrain. 
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